Direct determination of the neutrino mass is at the present time one of the most important aims of experimental and theoretical research in nuclear and particle physics. A possible way of detection is through neutrinoless double electron capture, 0νECEC. This process can only occur when the energy of the initial state matches precisely that of the final state. We present here a calculation of prefactors (PF) and nuclear matrix elements (NME) within the framework of the microscopic interacting boson model (IBM-2) 
I. INTRODUCTION
The question whether or not the neutrino is a Majorana particle and, if so, what is its average mass remains one the of the most fundamental problems in physics today. In a previous series of papers we have calculated phase-space factors (PSF) and nuclear matrix elements (NME) for 0νβ − β − , 2νβ − β − processes [1] [2] [3] [4] [5] [6] [7] [8] [9] , and for 0νβ + β + , 0νECβ + , and 2νβ + β + , 2νECβ + and 2νECEC processes [10, 11] . The neutrinoless electron capture 0νECEC was not calculated due to the fact that, in general, one cannot conserve energy and momentum in the process (A, Z) + 2e − → (A, Z − 2).
However, conservation of energy and momentum can occur in the special case in which the energy of the initial state matches precisely the energy of the final state. This situation was first discussed by Winter [12] and subsequently elaborated by Bernabeu et al. [13] , who provided estimates of the inverse life-times with simple NME and PF. The work of [13] stimulated many experimental searches and additional theoretical papers . The process was also termed resonant neutrinoless double electron capture, R0νECEC. The matching condition can occur either for g.s. to g.s. transitions or for transitions between the g.s. and an excited state in the final nucleus. The precise matching condition is an exceptional circumstance which may or may not occur in practice. A slightly less stringent condition is that the decay occurs through the tail of the width of the atomic initial state as shown schematically in Fig. 1 . For this process, depicted in Fig. 2 , the inverse half-life can be to * jenni.kotila@yale.edu † jbarea@udec.cl ‡ francesco.iachello@yale.edu a good approximation factorized as [13] 
where G ECEC 0ν is a prefactor depending on the probability that a bound electron is found at the nucleus (see Sect. II), M 0ν ECEC is the nuclear matrix element, and f (m i , U ei ) contains physics beyond the standard model through the masses m i and mixing matrix elements U ei of neutrino species. For light neutrino exchange while for heavy neutrino exchange
The last factor, often written as
is the figure of merit for this process. Here ∆ = |Q − B 2h − E| is called the degeneracy parameter, where Γ = Γ e1 + Γ e2 is the two-hole width and B 2h is the energy of the double-electron hole in the atomic shell of the daughter nuclide including binding energies and Coulomb interaction energy. The importance of the Coulomb interaction energy of the two holes was investigated in Ref. [21] . Obviously the maximum value of F is
Since Γ is of the order of eV one needs to find nuclei or nuclear states such that ∆ has the smallest possible value. This requires an accurate measurement of the Q-value. Recent improvements in measurements of mass differences [18, 19, 22-24, 33, 34] 
II. PREFACTORS
In the calculation of the prefactor, PF≡ G ECEC 0ν
, we follow the theory described in our previous papers [2, 10] , in particular that of [10] for electron capture (EC). The captured electrons are described by positive energy Dirac central field bound state wave functions,
where n ′ denotes the radial quantum number and the quantum number κ is related to the total angular momentum, j κ = |κ| − 1/2. The bound state wave functions are normalized in the usual way
They are calculated numerically by solving the Dirac equation with finite nucleon size and electron screening in the Thomas-Fermi approximation [2, 10] .
For the calculation of electron capture processes the crucial quantity is the probability that an electron is found at the nucleus. This can be expressed in terms of the dimensionless quantity
where a 0 is the Bohr radius a 0 = 0.529 × 10 −8 cm and we use for the nuclear radius R = 1.2A
1/3 fm. For capture from the K-shell n ′ = 0, κ = −1, 1S 1/2 while for capture from the L I -shell n ′ = 1, κ = −1, 2S 1/2 . The PF is given TABLE I. Double electron captures considered, the Q-value of the decay, energy of the resonant state in the daughter nucleus, capture shells, energy of the double-electron hole, two-hole width, and resonance enhancement factor. by:
The obtained prefactors are listed in Table II . Recently Krivoruchenko et al. [21] have presented a theory of PF slightly different from ours. The PF extracted from their paper is given in the last column of Table II for comparison. Note the large value of G ECEC 0ν in both calculations for 180 W decay, due to the large value of Zα = 74/137 ∼ 0.5. For these heavy nuclei the PF is very sensitive to the treatment of the electron wave function near the origin r = 0. Differences between the two PF calculations may in part arise from the way in which the nuclear size and electron screening correction is taken into account.
III. NUCLEAR MATRIX ELEMENTS
The calculation of NME for the 0νECEC is more difficult than for 0νβ − β − because of two reasons: (i) In [40] . The method is described in Refs. [1, 4] . We write
with M 
where h(p) are the form factors tabulated in Table II Using IBM-2 wave functions and the theory previously described [1, 4] we can calculate the NME for neutrinoless ECEC decay shown in Table III . The values of the nuclear matrix elements to the excited states are considerably smaller than those to the ground state, due to the very different nature of these states. To illustrate this point we show in Table IV Table V we compare our results to these other calculations. While the QRPA matrix elements are of the same order of magnitude as IBM-2, the EDF results are much smaller, in particular they show a large reduction for the deformed nuclei 164 Dy, and 180 Hf. The origin of this discrepancy between IBM-2/QRPA and EDF is not clear. As shown in Fig. 6 the quality of the spectrum (and the electromagnetic transitions not shown) in IBM-2 is excellent including the location of the β and γ bands, which is crucial for providing good wave functions of collective states. Also the collective struc- both nuclei have many collective pairs, N π =4 or 5 and N ν =10 or 9, respectively, that contribute to the decay. Although there is a reduction in the NME due to the deformation, we still would expect the matrix elements to be comparable to those in spherical nuclei.
IV. HALF-LIVES
The results for PF and NME of the previous sections can be combined to give the half-lives in Table VI , for which, however, the predicted half-life even with unquenched value of g A = 1.269 is the order of 10 27 yr.
As in the previous papers, an important question is the quenching of the g A which occurs to the fourth power in Eq. (2) . To estimate this effect we use the parametrization of Eq. (40) of Ref. [4] , (maximal quenching)
With this parametrization we obtain the values of Table  VI (right) . 
V. CONCLUSIONS
In this paper, we have presented both PFs and NMEs for neutrinoless double electron capture and from these calculated the expected half-lives for both light and heavy neutrino exchange. 
